We examined the ploidy of C. neoformans strains using both laser scanning cytometry and a transfers. Thus, a cellular ploidy shift was shown to occur widely in C. neoformans strains.
Introduction
Cryptococcus neoformans is an interesting basidiomycetous yeast species pathogenic to human, one of the most threatening microorganisms to AIDS patients. Uncommon in pathogenic fungi, a wide range of C. neoformans strains are shown to have mating ability, actually reaching up to 85% 1) or 95% 2) of C. neoformans strains. Thus, it is expected that most strains are haploid and that diploid strains are rare. We have examined ploidy in a large number of C. neoformans strains and shown that most of the strains are haploid, but that a few strains showing a mating type are unexpectedly diploid, suggesting the occurrence of spontaneous diploidization3).
One would implicitly assume that individual cells in the same strain usually have the same ploidy, but we are not aware of any paper supporting or opposing this supposition, which has actually examined several natural strains of a certain species, in particular C. neoformans. Diploidization by endomitosis is reported in Saccharomyces cerevisiae4), but the frequency is very low, on the order of 10-6 per mitosis. Frequent ploidy shift in Candida albicans is reported, but this report is of a special strain. Recently, a new fluorescence detector called a laser scanning cytometer (LSC) was developed. It can correlate each datum to a microscopic image, and may be useful to detect a very small proportion of cells with different ploidy. Using LSC and other techniques, we have examined in detail the ploidy of a number of C. neoformans strains. We report here that haploid C. neoformans strains often contained a small proportion of diploid cells, and that ploidy shift commonly occurred in this organism.
Materials and Methods

Strains
Strains examined are listed in Single-Cell-Isolation Large and small cells in each strain were isolated singly by Skerman micromanipulator7.8). Isolated single cells were incubated on PDA (potato dextrose agar) plates at 30C, and a colony grown was transferred to a PDA slant.
Measurement
of DNA amount For quantitative measurement of DNA amount, cellular DNA was stained as described previously 9). In essence, cells from liquid YPG (OD660= 0.5-1.5) were fixed with ethanol (final concentration 70%), and incubated in 1ml NS buffer supplemented with 5ug/ml propidium iodide (PI) and 0.5mg/ml RNase at 37C for 2 to 4 hours before observation.
For photographs of cells under fluorescence microscope (Figs. 5, 6 ), fixed cells were stained with 1.5ug/ml 4',6'-diamidino-2-phenylindole (DAPI). Haploid cells contain 1c DNA amount at G1 phase of the cell cycle and 2c DNA amount at G2 phase, while diploid cells contain 2c DNA amount at G1 phase and 4c at G2 phase, and thus tetraploid cells contain 4c at G1 and 8c at G2. In order to determine the ploidy of a cell, then, both the cell cycle phase and the DNA amount of the cell must be determined.
DNA amount in each nucleus was measured with fluorescence microscopy-photometry (FMP) as described previously, or with LSC.
In the former case, the cell cycle phase was determined from the morphology of the cell, while in the latter case, stained cells were measured for fluorescence by Olympus laser scanning cytometer LSC101. Ten to sixty thousand cells were measured. In exponential phase cells, two major peaks corresponding to G1 and G2 cells were observed, when the cells of different ploidy were not present in high frequency.
The ploidy of the majority of cells in a strain can be determined by comparing the location of the Cell size is known to be roughly proportional to ploidy. This is apparent after a glance at haploid and diploid cells (compare Fig. 1 with 2 ). Under close scrutiny, cells with the same ploidy varied in size from small daughter cells to mother cells having buds, the mother cells being homogeneous in size ( Fig. 1 ) and without an appreciable proportion of large-sized cells. However, a considerable number of haploid strains contained a relatively high proportion of large-sized mother cells (Table 1, Fig. 3 ), suggesting the existence of diploid or even tetraploid (Fig. 4) cells in those strains.
Nuclei were stained with PI or DAPI (Figs. 5,  6 ). Among haploid strains, nuclear sizes were similar when cells having buds or small daughter cells were compared, respectively. It was also noted that nuclei in diploid cells were clearly larger in size than those in haploid cells.
Figs. 1, 2. Typical exponential phase cells of a haploid strain IFM 49120 (Fig. 1 ) and a diploid clone IFM 47847-LI (Fig. 2) under the light microscope. Note that the mother cells having buds are similar in size in the same ploidy, but clearly larger in diploid. In all the photographs, the bar indicates 10um (X1400). .3) ). Furthermore, as described above, the size of the mother cells was homogeneous among cells of the same ploidy. These two markers of ploidy were always found in pairs (Table 1) , showing the validity of the determination of ploidy at cellular level.
Four strains, including those with an appreciable (IFM 47847) and not appreciable (IFM 5807, 45941 and 40038) proportion of large cells, were selected and studied in detail (Table 1 ). All four strains contained two groups of cells when examined under the fluorescence microscope after PI staining (FMP). One (most of the cells) was of normal cell size and had the haploid amount of DNA. The other (small proportion) had clearly larger cell size and double the amount of DNA compared with the normal cells. Thus, large-sized cells were confirmed to be diploid cells.
Diploid clones established
after single-cellisolation from haploid strains Using the micromanipulator, large and small cells were isolated from the four stock strains and multiplied to establish single-cell-derived clones. At least one diploid clone was isolated from all four haploid strains examined, showing that reproducible diploid cells were present in these strains (Table 2) . Table 1 ). Numbers in parenthesis are number of cells examined. a; original strains, b; small cell isolates, c; large cell isolates Cells with different ploidy appeared in single-cell-derived clones Cellular ploidy was examined in single-cellderived clones after several transfers on slants (Table 3) . By FMP, diploid cells from haploid clones and haploid cells from diploid clones were both detected even after only 3-5 transfers on slants. Tetraploid cells were sometimes detected, which could be observed as extremely large cells having a tetraploid DNA amount (Fig. 4) .
Quantitative analysis of cellular ploidy was carried out by measuring the larger number of cells using LSC (Fig. 7, Table 3 ). All the haploid and diploid clones examined after 3-5 transfers on slants contained cells of different ploidy at the level of 0.1-5%. Even cells. with tetraploid DNA amount were detected in haploid clones, although the frequency was much lower. Single-cellisolation was carried out again from these single-cell-derived clones. Diploid clones were established from haploid clones, and haploid from diploid (Table 3 ). In contrast, tetraploid clones have not yet been established.
Natural diploidization was also confirmed in fresh isolates; as shown in Table 3 , diploid cells appeared in fresh haploid single-colony-isolates after 3-5 transfers.
Discussion
We presented evidence that ploidy shift naturally occurs in ordinary strains of C. neoformans. One may argue that the laboratory haploid strains examined probably contained diploid cells from the beginning of isolation. To exclude this possibility, we isolated small-or large-sized cells singly using a micromanipulator. As shown in Results, these generated single-cellderived haploid or diploid clones. Even after only 3-5 transfers on slants, however, cells of different ploidy appeared in these clones (Table 3) , proving that ploidy shift occurred with appreciable frequency.
Another criticism might be as follows: laboratory C. neoformans strains stocked for long periods on artificial media might have lost their original characteristics. To show that ploidy shift is a natural characteristic of C. neoformans and not due to degeneration during storage, freshly isolated frequency, +; detected at 0.1-1% frequency. C Single-cell-derived clones of cells of different ploidy were obtained from these clones using the Skerman micromanipulator. Tetraploid cells were also detected by LSC in all these haploid and diploid clones, but the frequencies were much lower. Horizontal axes of both graphs represent the relative fluorescence value for each cell, in which the DNA amount of the G2 nucleus of the haploid cell is adjusted to be 50. Vertical axis of (a) represents the relative fluorescence peak for each cell, and (b) the cell number. In the histogram, the two major peaks correspond to G1 and G2 haploid cells. Minor peak in the 4c DNA amount corresponds to G2 diploid cells. Although the peak for 4c in the histogram is not distinct, the cells with the 4c DNA amount are clearly detectable in the scatter diagram (a). The microscopic images of those plots were examined by "recall" function and observation of the morphology and staining pattern.
haploid strains were examined. After 3-5 transfers on slants, diploid cells were detected and isolated (Table 3) .
Very large cells having the tetraploid amount of DNA were sometimes detected; however, these did not form a colony at all, or formed diploid clones after single-cell-isolation. Thus, tetraploid cells appeared to have some serious impairment in growth and multiplication, presumably due to an unbalanced large ploidy. In contrast, haploid cells which emerged from diploid clones and diploid cells from haploid clones appeared essentially unimpaired, because they easily formed colonies after single-cell-isolation.
In Saccharomyces cerevisiae, mating type switch is known to occur naturally, although the frequency is different among strains. Cells of opposite mating type, which occurred as a result of mating type switch, mate with cells of the original mating type and produce diploid cells. To examine the possible involvement of mating type switch in the ploidy shift of C. neoformans, we inoculated diploid clones isolated from essentially haploid strains into basidiospore-forming media, but basidiospore formation was not observed. Thus, this mechanism does not appear to be related with the occurrence of ploidy shift in C. neoformans. In this fungus, the vast majority of the strains are mating type a, with only a small proportion of mating type a 1,2). Homothallic a/ a type diploid strains are also quite rare 1,2) Thus, in C. neoformans natural mating type switch itself is apparently rare or does not occur.
In the present study, we showed that cells with different ploidy were often present in the same strain (Table 1) , using the following three techniques.
Sizes of cells at the exponential phase are known to be roughly proportional to ploidy, and thus observation under light microscope gives us an impression of the possible existence of cells of different ploidy ( Fig. 3) . However, this is difficult when the proportion of the cells with certain ploidy is small, because homogeneity of the cell size in the same ploidy is imperfect. For example, stationary phase cells, which are larger than exponential phase cells 11), might intermingle; and mother cells become larger and larger with generation time 12). More than 2-3% is necessary to recognize the existence of cells of a certain ploidy under a light microscope.
Observation The laser scanning cytometer (LSC) uses laser light of a long range for good focusing, and thus measures more than 10,000 cells for each measurement in a short time. Another instrument, the cell sorter, also measures a huge number of cells, but cannot provide information at the individual cell level which can exclude, for example, over-stained cells or two attached cells accidentally measured as a single cell. In contrast, LSC can correlate each datum to a microscopic image by "recall" function. To examine the possible existence of diploid cells in haploid strains, we recalled cells having 4c amount of DNA (i.e., diploid G2 phase cells), and their morphology and staining characteristics were observed. When 4c cells accounted for more than 1%, the majority of cells showed typical morphological characteristics of diploid cells. However, when 4c cells accounted for only about 0.1%, the features were different. About half of the cells were either over-stained or had unusual morphology, and thus were excluded from consideration. The other cells, however, were stained well and showed typical diploid morphology. Thus, with the ability to measure huge numbers of cells and with the function of "recalling" the morphology of individual cells, LSC exhibited its advantages for the detailed study of cellular ploidy.
Using these characters, we could supply evidence that a wide range of C. neoformans strains contained a small but significant proportion of cells with different ploidy.
